PURPOSE. To establish a method for estimating the overall statistical significance of visual field deterioration from an individual patient's data, and to compare its performance to pointwise linear regression.
METHODS. The Truncated Product Method was used to calculate a statistic S that combines evidence of deterioration from individual test locations in the visual field. The overall statistical significance (P value) of visual field deterioration was inferred by comparing S with its permutation distribution, derived from repeated reordering of the visual field series. Permutation of pointwise linear regression (PoPLR) and pointwise linear regression were evaluated in data from patients with glaucoma (944 eyes, median mean deviation À2.9 dB, interquartile range: À6.3, À1.2 dB) followed for more than 4 years (median 10 examinations over 8 years). Falsepositive rates were estimated from randomly reordered series of this dataset, and hit rates (proportion of eyes with significant deterioration) were estimated from the original series.
RESULTS. The false-positive rates of PoPLR were indistinguishable from the corresponding nominal significance levels and were independent of baseline visual field damage and length of follow-up. At P < 0.05, the hit rates of PoPLR were 12, 29, and 42%, at the fifth, eighth, and final examinations, respectively, and at matching specificities they were consistently higher than those of pointwise linear regression.
CONCLUSIONS.
In contrast to population-based progression analyses, PoPLR provides a continuous estimate of statistical significance for visual field deterioration individualized to a particular patient's data. This allows close control over specificity, essential for monitoring patients in clinical practice and in clinical trials. (Invest Ophthalmol Vis Sci. 2012; 53:6776-6784) DOI:10.1167/iovs. V isual field progression is one of the most important clinical signs of deterioration in optic neuropathies such as glaucoma, and many different techniques have been designed to measure change over time and its significance. However, there is still no consensus on which criteria are most appropriate for determining visual field progression in glaucoma.
In patients with glaucoma, progressive changes are often localized to parts of the visual field, and methods that analyze deterioration at individual test locations, such as Glaucoma Change Probability 1 (GCP) and Pointwise Linear Regression 2 (PLR) are therefore more useful than global indices such as Mean Deviation (MD) and Visual Field Index (VFI). [3] [4] As yet, criteria for significant change for the entire visual field have only been derived for large groups of subjects, but not for individuals. However, visual field series from individual patients can differ substantially from each other. [5] [6] [7] Therefore, when populationbased criteria are used to define change, some patients are much more likely to produce a false-positive result than others (e.g., Artes PH, et al. IOVS 2011; 52 :ARVO E-Abstract 4148).
PLR was developed as a technique for evaluating change at individual test locations over the entire follow-up. Criteria for overall change (i.e., for the entire visual field) have been based, arbitrarily, on fixed numbers of changing test locations, [8] [9] [10] [11] [12] and change at individual test locations has been defined with similarly arbitrary criteria of slope and associated P value. [8] [9] [10] [11] 13, 14 In consequence, criteria for visual field change with PLR are not adapted to an individual patient's data. Rather, their specificity is likely to vary between patients, making results difficult to interpret. In addition, PLR does not provide a single significance value for deterioration in the whole field, one which could be varied continuously to produce any desired level of specificity.
In this paper, we propose an individualized analysis to estimate the overall significance of visual field deterioration, based on a P value combination function [15] [16] [17] that combines the significance of deterioration at each location into a single statistic. We then show how a P value for overall change can be derived through permutation analysis [18] [19] [20] using only the patient's own data. This approach, which we call permutation of pointwise linear regression (PoPLR), provides a conceptually simple and intuitive approach for deriving the overall significance of visual field change that is individualized to a patient's results. In a large clinical dataset of visual fields from patients with glaucoma, we demonstrate that the specificity of PoPLR is extremely close to the desired nominal level (P value), and that its performance compares favorably with many previously proposed PLR progression criteria.
METHODS
The PoPLR Approach null hypothesis tested by PoPLR is that there is no negative change at any visual field location. The approach is to combine evidence for deterioration (P values) from individual locations across the visual field into a combined statistic S. The statistical significance of S in the observed sequence of examinations, denoted S obs , is then calculated by comparing it with a null distribution of S, derived from reordered (permuted) sequences of the series. The null distribution is derived solely from the patient's own data, representing what would be expected by chance alone, and therefore the overall significance value is individualized to those data. The following section describes the approach in greater detail.
Significance of Change at Individual Visual Field Locations. Simple linear regression was used to derive P value for change over time at individual locations. Since visual field sensitivity decreases with age, analyses were performed with total deviation, that is, the deviation of the measured threshold from the mean values expected in a healthy individual of the same age. PoPLR tests the null hypothesis that there is no negative change, and therefore one-sided P values were used.
Combination of Significance Values across the Visual Field. P values of individual visual field locations (or P i ) were combined using the Truncated Product Method (Equation 1), a generalization of Fisher's method 15 that is appropriate when only a small proportion of locations depart from an overall null hypothesis. 17 Truncation means that only P values (P i ) below a given threshold t P are used for the calculation of S (Equation 2).
We choose t P ¼ max (0.05, min (P i )), that is, only locations with P values 0.05 will contribute to the test statistic; if none of the locations have a P value 0.05, the smallest P value is used. For small P i in the observed sequence, the test statistic S will be large.
Deriving the Statistical Significance of S obs . The statistical significance of S obs can be inferred by comparing it to the null distribution obtained from repeated permutation of the observed visual field series. 20, 21 The examination order was repeatedly permuted, and a test statistic from each unique permutation is added to a permutation (null) distribution S P . A total of n! (''n factorial'') unique permutations exist for a given number of examinations n (e.g., 40,320 for eight examinations). For series with more than six examinations, 5000 unique permutations were randomly selected. The overall significance of S obs can then be derived by comparing it with the null distribution. If, for example, S obs corresponds to the 97th percentile of the set of S P , the overall P value is 0.03.
Animations of PoPLR are available (see Supplementary Material, http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.12-10049/-/ DCSupplemental).
Evaluation of PoPLR
Dataset. The data used in this report were obtained from the glaucoma clinics at the Queen Elizabeth II Health Sciences Centre in Halifax, NS. In accordance with the Declaration of Helsinki, the Ethics Review Board of the QEII Health Sciences Centre approved the retrospective use of these anonymized data.
The visual fields of all patients examined using program 24-2 Swedish Interactive Threshold Algorithm Standard with the Humphrey Field Analyzer (HFA) II (Carl Zeiss Meditec, Inc., Dublin, CA) between August 1998 and January 2011 were retrieved. Only eyes with 10 or more examinations were included (1109 eyes of 614 patients), and the first two examinations of each eye were omitted to reduce learning effects. Examinations that had been repeated within 3 months were excluded, and no intervals between consecutive examinations greater than 2 years were permitted. Thereafter, only eyes with at least 8 examinations over at least 4 years were selected for analysis. If both eyes of a patient qualified, both were included. In total, 9930 visual fields from 944 eyes of 520 patients were included.
Comparison of Performance of PoPLR with PLR and MD. PoPLR was compared with PLR and with linear regression of the MD. Criteria for PoPLR were the overall P values, whereas, for PLR, conventional ''number of significant locations'' criteria were used. Significant locations in PLR were defined based on slopes <0 dB/year and <À1 dB/year, with P < 0.01. For MD, the P value of the slope from linear regression over time was used. Because there is no independent reference standard for true visual field change, it is difficult to estimate sensitivity and specificity from clinical data. We therefore used the positive rate in the originally observed series (subsequently referred to as ''hit rate,'' i.e., true positives and false positives) in place of sensitivity. To estimate the false-positive rate (1 À specificity), a ''no-change'' dataset was created from the original data, by randomly reordering each series once. Under the assumption that random reordering removes systematic change, the false-positive rates of the different methods were then estimated from the positive rates in this reordered dataset.
By varying the criteria applied with each method (PoPLR, PLR, and MD), curves of hit rate versus false-positive rate were constructed to evaluate and compare the performance of the methods, similar to Receiver Operator Characteristic analyses. 22 Results were assessed at the fifth, eighth, and final examination.
Analyses were performed on MatLab (R2010b; MathWorks, Inc., Natick, MA). Calculating the overall significance from PoPLR on a series of 10 visual field examinations took approximately 2 seconds on a 2.67-GHz Pentium processor.
An implementation of PoPLR is freely available in visualFields, a package for the statistical analysis of visual field data for the opensource environment R (http://cran.r-project.org/web/packages/ visualFields/, in the public domain and last accessed August 28, 2012). Table 1 provides details of the visual field data selected for analysis. In 424 of 520 patients (82%), both eyes met the selection criteria and were analyzed. In the remaining 96 patients, only one eye was eligible for analysis. At the fifth, eighth, and final examinations of each series the median (interquartile range) follow-up durations were 3.4 (2.7, 4.1), 6.0 (4.9, 7.0), and 8.0 (6.7, 9.2) years.
RESULTS

Demographic Details Of Patients
Hit Rate
At P < 0.05, the hit rates of PoPLR were 12.3, 29.2, and 42.3% at the fifth, eighth, and final examinations, respectively. In series with a significant PoPLR result (P < 0.05), the median (interquartile range) MD change from baseline was À2.4 (À3.3, À1.3), À2.5 (À4.5, À1.5), and À2.9 (À5.1, À1.2) dB at the fifth, eighth, and final examinations.
The permutation distributions differed greatly between series. The cutoff value of the permutation distribution beyond which the observed statistic (S obs ) would be considered significant (P < 0.05, i.e., the 95th percentile of S P ), varied by a factor of almost 5, with a range of 40 to 187 (see Figs. 4D, 5D, 6D, 7D).
False-Positive Rate
In the reordered data, PoPLR P values followed a uniform distribution (Kolmogorov-Smirnov, P ¼ 0.86, 0.70, 0.69 at the fifth, eighth, and final examinations). At a significance level of 0.05, for example, PoPLR identified significant deterioration in 5.3% of reordered series. Thus the false-positive rates of PoPLR closely matched the nominal significance levels. In addition, false positives of PoPLR were not associated with baseline age, series mean MD, or follow-up length (logistic regression, P ¼ 0.72, P ¼ 0.41, P ¼ 0.80, at the final examination). In contrast, PLR criteria do not have an overall significance value, and their false-positive rate decreased with the number of examinations (Fig. 1) . Hit Rate Versus False-Positive Rate Figure 2 shows the hit rate versus false-positive rate of PoPLR, compared with PLR and MD. The hit rate of PoPLR was always higher than that of PLR, at matching false-positive rates ( Table  2) . When progression was defined by one or more significant locations, there was a statistically significant gain in hit rate with PoPLR, compared with PLR, at the eighth and final available examinations (McNemar's test, P < 0.001) but not at the fifth examination (P ¼ 0.37). At a 5% false-positive rate, the hit rates of PoPLR were similar to those of the significance of the rate of MD change at the fifth examination (12.3% vs. 13.1%) but were higher at the eighth (27.3% vs. 17.7%) and final (41.5% vs. 29.7%) examinations. 
Comparison between PoPLR and PLR
Case Examples
In Case 1 (Fig. 4) the change analysis for a series with 11 examinations in 7.1 years is shown. There was a statistically significant deterioration with PoPLR (P ¼ 0.003). With PLR, there were three locations with significant change (P < 0.01), Values of S > 70 are binned together. The test statistic for the observed series S obs is indicated by the position of the red line-the further to the right, the more significant the change in the observed series. An overall significance for deterioration, P associated with S obs , is also shown. The 95th percentile (S 95 ) of the distribution, indicated by a black dashed arrow, is the cutoff beyond which S obs would be considered significant (P < 0.05). of which one had a slope <À1 dB/year. The rate of change of the MD was À0.42 dB/year, significantly different from zero (P ¼ 0.008).
Case 2 (Fig. 5) shows the results from a series with nine examinations in 5.9 years. There was a borderline significant change with PoPLR (P ¼ 0.08). With PLR, two locations met the criteria as changing, with P < 0.01 and slope <À1 dB/year. The rate of change of the MD was À0.45 dB/year, not significantly different from zero (P ¼ 0.23). The MD values showed large variability, and the permutation distribution exhibited a large tail.
Case 3 (Fig. 6) illustrates the change analysis of an eye with nine examinations in 6.9 years. There was a reduction in central sensitivity leading to a significant PoPLR result (P ¼ 0.01). This change did not meet a PLR criterion of one or more locations with significant change, and the rate of MD change (À0.15 dB/ year) was not significantly different from zero (P ¼ 0.16).
Case 4 (Fig. 7) shows results from an eye with 13 examinations in 9.9 years. Many locations in the superior field had thresholds 0 dB throughout the series. PoPLR showed significant change (P ¼ 0.04), and the rate of change of MD (À0.08 dB/year) was statistically significant (P ¼ 0.03). With PLR, no single location deteriorated with P < 0.01 (two-sided).
DISCUSSION
The objective of this research was to establish a conceptually simple technique to derive the overall statistical significance of visual field deterioration in individual patients. By comparing an observed series to many reordered arrangements of itself, PoPLR derives a continuous P value that is individualized to a particular patient's data: the false-positive rate is independent of factors such as variability, level of visual field damage, and length of follow-up. These properties distinguish PoPLR from many other techniques of determining change in the visual field.
Current techniques such as GCP and PLR do not provide a single P value for a clearly defined null hypothesis. Rather, the results need to be interpreted with reference to large groups of subjects (population-based criteria). With GCP, for example, criteria for ''likely progression'' and ''possible progression'' have been established in the Early Manifest Glaucoma Trial 23 and have been shown to provide high specificity, on average. However, when the properties of an individual patient's data differ from those of the reference group, population-based change criteria can give misleading results. For example, visual fields with advanced damage often contain many locations at which the dynamic range of the instrument has been exhausted (sensitivity < 0 dB) such that further deterioration is no longer measurable. A population-based progression criterion that demands change at a fixed number of visual field locations, for example, will thus be more conservative (less sensitive, more specific) in patients with more advanced damage. We have previously shown that the likelihood of experiencing a false-positive result with the GCP can vary by as much as 40 times between patients (Artes PH, et al. IOVS 2011;52:ARVO E-Abstract 4148). With PLR, the specificity of any given criterion varies, among other factors, with the number of examinations. In our data, for example, PLR with a criterion of '' ‡1 location with a slope < À1.0 dB/year, at a P value < 0.01'' gave a false-positive rate of 10.4% after five examinations, decreasing to 5.9% after eight examinations. Since the specificity of population-based criteria varies with the properties of the data, it is difficult to interpret the findings when such criteria are applied to individual patients.
In contrast to GCP and PLR, PoPLR tests the well-defined null hypothesis that none of the visual field locations show negative change, with reference only to the observed statistic S obs and its permutation distribution in the individual patient's series of visual fields. Large variability within the series will cause the permutation distribution to be wider, and a given S obs will therefore be associated with a larger P value (lesser significance) than in a series with lower variability. In the highly variable visual field series of case 2 (Fig. 5) , for example, a S obs of 32 was only borderline significant (P ¼ 0.08), while the S obs of 14 in case 4 ( Fig. 7) was associated with a P value of 0.04. The nearly 5-fold variation in the width of the permutation distributions illustrates the importance of judging significance based on the properties of the individual visual field series, rather than by population-based cutoff values. Because PoPLR provides a continuous P value rather than just a categorical classification (change/no change, as with population-based criteria), it will support more differentiated judgments in borderline cases in which the P value is close to a particular significance level (e.g., 0.05).
When PoPLR was applied to randomly reordered series, the P values followed the expected uniform distribution. This means that the false-positive rate of the approach equals the nominal significance level; for example, the probability of falsely detecting visual field deterioration in a stable series, at a significance level of P < 0.05, would be 5%. Our results also demonstrate that PoPLR performs at least as well as conventional PLR criteria in distinguishing between observed and randomly reordered series. With five examinations, for example, a PLR criterion of '' ‡1 location with slope < À1 dB/year at P < 0.01'' detected deterioration in 17% of the series, at a specificity of 90%. At the same specificity (i.e., with a P value of 0.10), PoPLR detected deterioration in 23% of the observed visual field series (Fig. 2) . Both PoPLR and PLR had substantially higher hit rates, at matched specificities, compared to the P value associated with the MD rate of change, underscoring the greater utility of localized analyses of visual field deterioration over global indices.
An assumption made in PoPLR is that the order of the examinations is irrelevant unless a real change has taken place, such that the permutation distribution is a valid approximation of the null distribution. However, no assumptions need to be made about the distribution of measurement errors. PoPLR uses simple linear regression to determine the statistical significance of negative trends at individual locations, but in principle the technique can be adapted to other methods of determining change. Since the overall significance is determined from the permutation distribution, such adaptations will affect only the sensitivity but not the specificity of the approach. It is possible that visual field measurements closer in time to each other are more related than those further apart (temporal autocorrelation) even if no glaucomatous deterioration occurs. In this study, any effects of this phenomenon were reduced by including only one examination from a set of repeat examinations or terminating series when there were long intervals between examinations. A ''blocking'' strategy may be a more general solution, whereby the sub-sequence of close measurements are blocked (not reordered) in order to take into account their closer relationship. However, autocorrelation properties of visual fields are, as yet, largely unknown, and therefore it is difficult to investigate their effect on approaches such as PoPLR.
Ideally, methods for determining visual field progression would be evaluated using the classic metrics for diagnostic tests, sensitivity and specificity. However, given the lack of a reference standard for what constitutes true change in the visual field as opposed to random variability, sensitivity and specificity are difficult to determine in real clinical data. In this research, we used a different approach for comparing the performance of PoPLR with previously established PLR criteria. In place of sensitivity, we used the positive rate in the observed visual field data (''hit rate''). Similarly, the positive rate in randomly permuted visual field series was used as a surrogate measure of specificity. This approach is based on the rationale that random reordering will remove any systematic trend present in the observed series, and that a more powerful method will detect change in a larger proportion of visual field series, at the same specificity. In contrast to computer simulations, which by necessity rely on simplifying models of visual field progression and stability, our approach used real clinical data, which are more likely to reflect the complex spatiotemporal properties of visual fields.
Permutation approaches offer powerful and adaptable solutions for assessing change in complex data. They have been widely used in neuroimaging 24, 25 and have been applied to assess changes in the optic disc in glaucoma. 26, 27 While they make fewer assumptions than model-based approximations, they require greater computational effort that has only recently become feasible.
In summary, PoPLR provides a statistical significance for visual field deterioration that is tailored to the individual patient's data. This will make it useful for determining end points in clinical trials and for interpreting change in clinical practice. Because the specificity of PoPLR is, by design, independent of the properties of the underlying data (variability, length of follow-up, number of locations, dB scale), it may also have applications in comparing the evidence of visual field progression between different follow-up protocols 28 and different types of visual field tests. 29À31
